Introduction
Two-component (2K) injection moulding is an industrial process to combine two different polymers in a single device. For example, in MIDs, a plateable and nonplateable plastic is combined for selective metallization and to create electrical infrastructures [1] . The challenging task for the two-component moulding is to find a material pair which fulfils the diverse requirements for the engineering application and at the same time has a reasonably good bond between the two polymers in the pair [2] . This paper makes a thorough investigation to understand the factors affecting the polymer-polymer adhesion and sorts out important parameters which could be used as tuning factors for bond strength. The effects of manufacturing process conditions, materials parameters, part geometry, thermal history and environmental conditions were studied and results are presented. Furthermore, the investigation identifies couples of material pairs which could be used for high-performance 2K products as well as for MIDs.
Two-component injection moulding
In two-component injection moulding process, two different polymers or the same polymer with two different colours are combined in a single product. Based on the manufacturing process, two-component injection moulding is divided in sub groups like co-injection moulding, sequential injection moulding and over moulding. The first two types of injection moulding are done in the same machine and mould. Two-component over moulding is done by cavity-transfer process in a single mould-machine system or in two different machines and moulds. For this investigation, two-component parts were produced by the cavity-transfer process in a single mould-machine system.
Polymer-polymer adhesion
Adhesion between two polymer materials is a complex phenomenon .The adhesion between two reactive polymers is governed by chemical reaction between the molecules of two polymers at the interface and the strength achieved by this process is extremely high [3] . In case of the same grade of polymer, the adhesion is governed by intermolecular diffusion at the interface. If the material pair is held together under favourable pressure and temperature conditions, the molecules start to diffuse at the interface from either side and after a certain time the interface disappears and the adhesion strength obtained by this process is the same as the strength of material [3] . But the mechanism of polymer adhesion becomes complex when two different polymers interact at the interface, and the degree of adhesion is governed by the entanglement between the molecules of two polymers at the interface [3] .
Experimental

Specimen
For the experiments, an ISO-recommended tensile test specimen was chosen as reference geometry. The final two-component test specimens were moulded by cavitytransfer process in a standard injection moulding machine. During the first step of injection moulding, the first-shot part was produced (it was cut into two pieces to the required length after moulding) and in the second step, this was over-moulded using a different plastic material. Figure 1 shows the geometry of the test specimen. The reason for making the second-shot part longer than the firstshot part was to avoid a too-low shot volume in the secondshot injection moulding.
Materials and methods
Thermoplastic materials for these experiments were selected on the basis of their use in MID applications and for hearing aid components. Attention was also paid to the most commonly used thermoplastics for engineering applications and to the possibility of metallization. Table 1 contains the list of the materials selected for the experiments. POM and LCP materials were excluded from the experiments because of the weak interfacial adhesion found in a previous investigation [4] . The listed process parameters are used both in first-and second shot for each material unless otherwise is mentioned and all the parameters correspond to the machine set values. The injection moulding machine used for the experiment was a modified Engel 135 machine ( Fig. 2a ). The tensile tester used to determine the bond strength of two polymers was LLOYD 500 produced by Lloyd Instruments (Fig. 2b) , and the maximum capacity of the machine was 2,500 N. All the tensile tests were performed at 5 mm/min test speed. Figure 3 shows a finished 2K moulded test specimen made by PEI and PEEK.
Plan for experimental investigations
Single component and two-component test specimens were produced by injection moulding considering the following investigational plan. The reason to choose different material pair for different test is their suitability to the test conditions.
Comparative investigation of tensile strength among
supplier data, experimental values and two-component bond strength. 6 Results and discussion
Investigation on the effects of injection parameters on
Tensile test results
For the first test, specimens were injection moulded as one shot part (1K filling the entire cavity in one step) and as twoshot part (same material in both the shots). Injection parameters used were the recommended process parameters for the materials and were constant both for 1K and 2K parts. Figure 4 shows the comparative strength of the suppliers' specified value, experimentally determined strength and the strength of two-shot part with the same material. Every result is an average of five experiments. In most of the cases, the experimental tensile strength was approximately 15% lower than the supplier's specified values. By two-shot injection moulding 30-100% of the strength was lost. The best case was PC-PC which only lost 32% of the 1K strength. Figure 5 shows the tensile test plots of ABS and PC moulded tensile test specimens made in 1K and 2K combinations. In all cases of 2K moulding, the failure is a so-called "brittle failure" (see Fig. 5 , there is no ductile zone in stressstrain curve in case of 2K combinations). On the other hand, both PC and ABS behave as ductile materials in the 1K test. Figure 6 contains the test results from 2K parts made with two different polymer materials. The highest strength was obtained in the case of PEI-PEEK moulding (37 MPa), also reported in reference [6] PEI also adheres strongly with PC. ABS has reasonably good adhesion with many other polymers.
Effects of injection parameters
To investigate the effects of injection moulding parameters, ABS inlay parts were over-moulded with PC using different injection parameters. The following injection parameters were studied: Table 2 summarises the ranges of different process parameters for the experiments. For the second-shot moulding, a recommended set of process parameters were chosen (texts in the grey background in Table 2 ). To investigate the effect of any of the above parameters, the values for the rest of the parameters were set to the recommended values. For moulding first-shot ABS parts, the recommended process parameters from Table 1 were used. The reason to use ABS-PC material combinations for this experiment is the extensive use of ABS-PC for industrial 2K application and also the reasonable good adhesion between the material pair. Figure 7 presents the effects of the each individual parameter on the bond strength of two-shot moulded polymers. The melt temperature and mould temperature are clearly the most important parameters for bond strength. Higher mould and melt temperature increase the interface temperature of the inlay polymer part and the second-shot melt. Higher interface temperature facilitates the melting of the inlay part at the interface so that the two polymers can melt together. Higher interface temperature also increases molecular interdiffusion and entanglement rate at the bond interface.
Injection speed and injection pressure are mutually dependent parameters. Changing one parameter may affect the other one. Still it is clear from the experiment that increasing injection speed and pressure have positive effect on the bonding of two materials. Injection speed affects the interfacial adhesion as the higher injection speed increases the melt temperature due to the shear heating and decreases the melt viscosity. Injection speed and pressure also influence the mechanical locking of two materials so that they can have stronger bonding. Similarly holding pressure increases the mechanical locking of the second-shot polymer melt at the interface and makes the interface stronger. The experimental results show that holding and cooling time affects the bond strength when they are set to an insufficient value and any further increment of these two parameters than the required values does not have any positive effect on the bond strength.
Interface temperature
Several interesting pairs of polymers were found which had significant difference in bond strength depending on the shot sequence of the two plastics. For example the PEEK-PEI combination had poor bond strength when PEEK was moulded first and PEI was injected in the second shot (4.2 MPa). The same material pair was much stronger simply by reversing the shot sequence (36.9 MPa). To understand this phenomenon, the interface temperature of the inlay part and second-shot melt was calculated according to the following formula (taken from Ref. [5] ; Table 3 ).
The material data were edited from the Moldflow database, CES EduPack 2006 and also from suppliers' data sheet for the second-shot melt and for first-shot solid inlay. The amorphous melting point was calculated by 1/2(glass 270  30  48  780  130  5  5  300  60  80  1560  325  10  10  330  90  112  2210  520  15 transition temperature+possible lower process temperature). Possible lower process temperature is the lowest recommended melt temperature for injection moulding given by the material manufacturer. In the first case of PEEK-PEI combination, the calculated interface temperature was 231.7°C and the melting point of inlay PEEK was 343°C. In PEI-PEEK combinations the interface temperature was 297°C and the melting point of the inlay part was 282.5°C and that explains why in the first case bond strength is much lower than in the second case. Figure 8 presents the bond strength of few material pairs which have significant difference in reverse shot sequence and Fig. 9 shows the effects of interface temperature on the bond strength.
Effects of surface roughness
To find the influence of the interface roughness on the bond strength of two-component parts, three different roughnesses were intentionally generated at the interface surface of the ABS inlay parts by grinding. Three different rough surfaces had S a values (average roughness values) of 0.59, 1.69 and 3.38 µm, respectively. The measurements were made by a UBM Laser Profilometer. Samples with predefined roughnesses were over-moulded in the second shot by PC. The tensile test results showed a big influence of the interfacial roughness on the bond strength (Fig. 9a) . From the plot, it is clear that in a certain range the interfacial roughness can make dramatic change in the adhesion. The rough surface increases the mechanical interlocking of the melt on the inlay surface. It also increases the interfacial contact area of the two polymers. Increased surface area affects the bonding in two possible ways: increases the heat transfer rate from the melt to the solid part and provides a bigger area for mechanical interactions. Besides the mechanical locking, the rough surface facilitates the T i interface temperature, b 1 thermal effusivity of the inlay part, b 2 thermal effusivity of the melt, T 1 mould temperature, T 2 second-shot melt temperature, K material thermal conductivity, ρ material density, C p specific heat capacity of material Figure 9b shows how the roughness peeks concentrate the heat flux and creates localised melting zone. Figure 10 shows the effects of roughness on the interfacial adhesion of ABS-PC material combination. Some other broken interfaces of other material combinations can be viewed in Fig. 11 and it is observable from the failure sites that in case of good adhesion more traces of one material is visible on the other material.
Effects of glass fibres on polymer-polymer bond strength
Glass fibre influences the tensile strength of polymer significantly. The first plot of Fig. 12 shows the effects of glass fibre on the tensile properties of single component plastic part. Test specimens were moulded with PS 158K with 30% and 0% glass fibre. To test the effect of using glass fibre fillers on the adhesion of two-component plastic part, the first-shot parts were produced using PS158K without glass fibres and with 30% glass fibres. In the second shot, inlay parts were over-moulded using PC and (PPE+HIPS). The tensile tests reveal almost no effects of the glass fibres on the bond strength. The right plot of Fig. 11 shows the test results.
Effects of environmental factors
The influence of environmental factors on the mechanical and chemical performances of plastics is a well-studied area. With the growing application of two-component injection moulding, the environmental effect on polymerpolymer bond strength is of huge interest. When it comes to the point of two-shot moulded MIDs, the environmental Fig. 10 Effects of interface roughness on polymer-polymer adhesion with the increased roughness increased amount of traces of one material is visible on the other material at the broken surface factors demands special attention because the post-moulded parts undergo special environmental conditions in the metallization process. The moisture and corrosion stress simulate the metallization environment and temperature test simulate basically the service condition. The results from this investigation provide comprehensive information and recommendations concerning the loss of polymer-polymer bond strength during the metallization process. Three combinations of materials were selected for the environmental tests: ABS-PC, PC-PEI and PEI-PEEK. In Table 4 , summarised test conditions are shown. Figure 13a shows the effects of different test conditions on different materials pairs with respect to the references. Figure 13b indicates the comparative effects of different test environments on different material pairs. All the combina-tions are adversely affected by the boiling water and the percentage reduction in bond strength is almost linear with the weight percentage of water absorption by the two polymers which means the higher the water absorption by the two polymers, the higher the reduction in bond strength (Fig. 14a) . The most interesting result was observed in the temperature test. Under this test, ABS-PC and PC-PEI were weakened but PEI-PEEK combination gained bond strength. To understand this abnormality, more tests were done with PEI-PEEK. Figure 14b shows the temperature test results from PEI-PEEK combination. A longer time at elevated temperature increased the adhesion even further. The material pair was strongest in 160°C for 1 h. In increased bond strength of PEI-PEEK under temperature treatment could be in the fact of co-crystallisation at the interface between PEI and PEEK. PEEK is a semicrystalline material and it has a glass transition temperature of 143°C. A temperature annealing slightly above its T g helps PEEK to form more crystals and make a stronger bond with PEI. On the other hand, at 240°C, PEI starts softening and loosens the bond with PEEK.
Conclusion
The adhesion mechanism of two-component moulded polymer parts is complex and is a combination of many effects or phenomenon. The conclusion from these experiments can be summarised as follows.
1. In two-component moulding, the bond between two polymers is usually weaker than the individual strength of the any of the materials in the pair. In the best case, about 60% of the strength of the weakest material in the pair was found. 2. Among the injection moulding parameters, mould and melt temperature were found to be the most significant for the bond strength of two-shot moulded parts. Injection speed, pressure and holding pressure had smaller effect on the bond strength of two-component polymer parts. 3. The interface temperature during the second-shot moulding is vital for the adhesion of two polymers. If the two polymers cannot melt together, the adhesion is usually poor. The thermal and heat transfer properties of the two materials affect the interface temperature and bonding. 4. Interface roughness increases mechanical locking and localised melted zone, so the materials can have a higher rate of entanglement and higher strength. Glass fibre in the first-shot inlay part reveals no significant influence on the bond strength with a second polymer. 5. Environment factors like moisture, corrosive environment and thermal history affects the bond strength of the postmoulded parts. Thermal annealing increase the bond strength between polymers when at least one of the polymers in the pair is semi-crystalline. The annealing slightly above the glass transition temperature helps cocrystallisation of two polymers at the interface and makes the bond stronger. 
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